Biomolecular nanowires were obtained by assembling proteins onto a linear and conducting polymer: a high molecular weight poly(p-phenyleneethynylene) functionalized with nickel(II) N-nitrilotriacetate complexes was found to immobilize histidine-tagged proteins through a specific interaction between nickel complexes and the engineered tags.
Introduction
The use of affinity tags that can be genetically engineered at either the amino-or the carboxylterminus of recombinant proteins has been demonstrated to make protein purification significantly easier. One of the most versatile purification methods utilizes the reversible coordination of six consecutive histidine residues (His-tag) to Ni 2+ ions immobilized on agarose resins through N-nitrilotriacetic acid (NTA) chelating moeities. 1 Interaction between the Ni-NTA complexes and the His-tag is compatible with a large number of biochemical reagents and His-tags only rarely interfere with the structure and the function of the recombinant protein. Therefore nickel chelating supports appear as general and powerful tools to investigate protein-protein or protein-ligand interactions, to study proteins structures or to develop new biotechnological devices. To date, histidine tagged proteins have been successfully immobilized on gold surfaces, 2 quartz surfaces, 3 polystyrene microtiter plates, When 2,5-diiobenzoic acid is treated at room temperature with 1.1 equivalent of trimethylsilylacetylene in Sonogashira conditions in a mixture of tetrahydrofuran and triethylamine, acid 2 resulting from mono-condensation in the meta-position is isolated. Hydrolysis of the trimethylsilyl group (TMS) and activation of the acid function lead to the Nsuccinimidyl ester 3 which can react with the derivative 4 to afford the desired iodoaryl acetylene monomer 5. Compound 4 is prepared by complete esterification of the corresponding Nnitrilotriacetatic analogue elaborated from the Z-N-6-lysine as previously described. 16 The palladium-catalyzed polymerization of 5 is performed in a mixture of tetrahydrofuran and triethylamine according to a procedure described earlier 17 and polymer 6 can be isolated.
Inherent insolubility of 6 in any common organic solvents has made it very difficult to study and characterize but appeared to facilitate the removal of short oligomers and palladium-containing residues. Solution behaviour of 6 is not surprising since poly(p-phenyleneethynylene) molecules are usually hardly soluble unless long alkyl or alkyloxy chains are added to the conjugated backbone. However, stirring 6 over 4 days in methanol with an excess of potassium hydroxide leads to complete solubilization, then acidification of the reaction mixture allows polymer 7 to precipitate. The degree of polymerization (DP) of 7 could be estimated around 30 by gel permeation chromatography (GPC) performed in a water/acetonitrile mixture. Interestingly, a small fraction of polymers appeared to have much higher molecular weight (DP > 150). Finally, metal chelation was realized in Tris-HCl buffer (10 mM, pH 8.0) by stirring polymer 7 with an excess of nickel (II) chloride in a collodion bag with a molecular weight cut off of 12 kDa. After dialysis, the nickel chelating poly(p-phenyleneethynylene) 1 was used without further purification.
We investigated by gel permeation chromatography the binding ability and the binding specificity of four different histidine-tagged fusion proteins to polymer 1: the shared subunit ABC23 of Saccharomyces Cerevisiae RNA polymerases, 18 the Bacillus subtilis HPr protein, the thioredoxin-HPr kinase and the thioredoxin-P-Ser-HPr-phosphatase fusion proteins with a His-tag located between the two fused proteins. 19 Recombinant ABC23 subunit (23kDa) was overexpressed in a yeast strain and purified by affinity chromatography on a 5-ml HiTrapNi column (Pharmacia) with a linear gradient of imidazole. Expressions of HPr-(His 6 ) (16 kDa), thioredoxin-HPr kinase-(His 6 ) (59 kDa) and thioredoxin-P-Ser-HPr-phosphatase-(His 6 ) (36 kDa) were carried out in E. coli strains and each protein was also purified on Ni-NTA-agarose columns with a gradient of imidazole.
After removing the imidazole present in the protein solutions, the histidine-tagged proteins were incubated under four different conditions and injected onto a superose 6 column: (a) proteins in the absence of polymer 1, (b) proteins in the presence of polymer 1, (c) proteins in the presence of polymer 1 and 300 mM imidazole, (d) proteins in the presence of polymer 1 and 300 mM ethylenediaminetetraacetic acid (EDTA). After 15 minutes of elution, fractions were collected in microtubes every minute. The presence of proteins in each fraction was detected by polyacrylamide gel electrophoresis under denaturating conditions, 20 followed by silver staining or western blotting with specific antibodies. Similar results were obtained with the four different proteins and we report only the data obtained with the thioredoxin-P-Ser-HPr-phosphatase-(His 6 ) fusion proteins ( Figure  1 ). When polymer 1 was incubated overnight at 4 °C with thioredoxin-P-Ser-HPr-phosphatases-(His 6 ), protein complexes of very high molecular weights could be detected in the exclusion volume of the column. In the presence of polymer 1 most of the proteins are eluted before 24 minutes whereas they are eluted as an homodimer around 42 minutes in the absence of 1 (Figure 1 chromatograms b and a respectively). Column calibration performed in the same conditions showed that 2000 kDa globular proteins are eluted around 27 minutes suggesting that a large number of proteins can be immobilized on a single molecule of 1 after an overnight incubation. This long period of incubation might be questionable since immobilization of histidine-tagged proteins on Ni-NTA resins is known to be complete in less than two hours. However, unlike nickel chelating resins, such rigid and linear polymers present less accessible anchoring sites for protein immobilization. In polymer 1, the distance between two functional arms along the conjugated backbone is less than 8 Å. In order to bind a large number of proteins, a single molecule of polymer must adapt its structure to minimize steric hindrance between peptide chains. This process may be very slow but may lead to the formation of protein arrays with an helical symmetry around the polymer axis. Binding of engineered proteins on polymer 1 was also found to be imidazole and EDTA dependent. In the presence of polymer 1 and 300 mM imidazole, thioredoxin-P-Ser-HPrphosphatases-(His 6 ) were detected mainly in the fractions collected between 26 and 33 minutes and in the fractions collected around 42 minutes corresponding to the elution of unbound proteins (Figure 1 -chromatogram c) . Imidazole reduces the number of proteins immobilized onto the polymer because imidazole acts as a competitive ligand which prevents the coordination of His-tag to Ni-NTA complexes. Similarly, EDTA has a dramatic effect on the binding of histidine-proteins because EDTA removes nickel ions from polymer 1. In the presence of polymer 1 and 300 mM EDTA, thioredoxin-P-Ser-HPr-phosphatases-(His 6 ) were only detected in the fractions collected after 35 minutes and unbound proteins were eluted under a monomeric form around 44 minutes ( Figure 1 -chromatogram d) .
In conclusion, these results demonstrate that binding of histidine-tagged proteins to polymer 1 is not only efficient but also mediated by the interaction between Ni-NTA complexes and His-tags.
Immobilization of thioredoxin-P-Ser-HPr-phosphatase-(His 6 ) fusion proteins on polymer 1 was further evidenced by electron microscopy. When aliquots of the elution fraction collected at 22 minutes from chromatogram b (Fig. 1 ) were adsorbed on a plain carbon coated electron microscopy grid, linear arrangements of proteins could be visualized (Fig. 2) . figure 1 ) were adsorbed on a glow discharge carbon coated electron microscopy grid, negatively stained with a 2% uranyl acetate solution and observed as previously described.
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The protein arrays which could be localized showed a wide distribution of length ranging from 30 to 180 nm. This size distribution suggests that only arrays induced by the binding of proteins onto polymers with very high molecular weights may be observed. Figure 2 shows a protein arrangement with a length of 170 nm and a width of 3.2 nm, which should result from the binding of approximately 50 proteins on a single poly(p-phenyleneethynylene) molecule.
In a control experiment, we analyzed by electron microscopy the composition of the fractions collected from chromatograms a, c and d respectively at 42, 29 and 40 minutes. In each case we were unable to visualize such macromolecular structures.
In summary, we have reported a rapid synthetic route for the preparation of monosubstituted poly(p-phenyleneethynylene)s with a backbone built on a head-to-tail linkage of the monomer. It is worth noting that this pathway can be followed for the production of ferromagnetic high-spin molecules. 21 We have prepared a water soluble poly(p-phenyleneethynylene) functionalized with Ni-NTA complexes, capable of binding efficiently histidine-tagged proteins through a specific interaction between the nickel complex and the His-tag of engineered proteins. pPEs display exceptional electronic, 22 optical 23 and thermotropic 24 properties and are particularly of interest in developing molecular scale devices such as light-emitting diiodes, 25 polarizers, 26 or chemosensitive antennas. 27 Yet, these applications have been limited to polymers soluble in organic solvents. To the best of our knowledge, only few syntheses of water-soluble rigid chain polymers has been reported so far in the litterature. 28 In this report, we have shown that biomolecular nanowires can be built in a water solution, by assembling engineered proteins onto a nickel-chelating pPE scaffold. Interestingly, such assemblies can be generated with a large number of biological systems since it only requires engineering of histidine-tag in a peptide sequence. One can imagine that nickelchelating pPEs will promote the future development of biosensors and bioelectronic nanomaterials, which can take advantage of both the specific biomolecular recognition properties associated with the bound macromolecules and the physical properties of the Π-conjugated backbone of the polymer. Presently, we are evaluating potential applications of such water-soluble nickel-chelating polymers.
Experimental Section
General Procedures. All reagents were commercial grade and were used as received without further purification. All reactions were performed under inert atmosphere and anhydrous solvents were dried and distilled over appropriate desiccant prior to use. Thin-Layer chromatograms (TLC) and flash chromatography separations were respectively performed on precoated silica gel 60 F254 plates (Merck, 0.25 mm) and on Merck silica gel 60 (230-400 mesh). 1 H NMR spectra were recorded on Brucker AC-300 at 300.13 MHz with CDCl 3 (δ = 7.25 ppm) as internal standard. .) in a mixture of THF (6 mL) and triethylamine (2 mL), 11 mg of dichloro-bis(triphenylphosphine) palladium (II) (17 µmol, 0.1 equiv.) and 15mg of copper (I) iodide (79 µmol, 0.5 equiv.) were quickly added. The reaction medium was stirred at 50 °C for 48 hours. After returning to room temperature, the reaction medium was poured into 200 mL of acetone leading to the precipitation of a yellow/orange solid. The solid was recovered by centrifugation of the acetone. The solid was washed thoroughly with acetone (50 mL) and dichloromethane (50 mL) and finally dried under vacuo to afford 55 mg of 6 as an orange solid. The solid 6 was used without further purification for the next chemical step.
NTA-pPE polymer (7).
To a suspension of 6 (34.5 mg) in a mixture of methanol (8 mL) and water (2 mL), 400 µL of an aqueous solution of potassium hydroxide (1M) were added dropwise. The reaction mixture was stirred at room temperature for 96 hours. The mixture was then filtered and concentrated under vacuo and then taken up in the minimum amount of water. The solution obtained was then reacidified to pH 2 by the slow addition of a 0.1 M hydrochloric acid solution. The yellow precipitate formed was recovered by centrifugation, washed several times with water and then lyophilized to afford 17 mg of 7 as a yellow solid. UV spectrum (in Tris-HCl (10 mM, pH 8.0); 0.0042 mg/ml): 342 (10531), 298 (9238), 203 (26606) Ni-NTA-pPE polymer (1). In a collodion bag (molecular weight cut off = 12 kDa) contaning 2mL of a solution of 7 (monomer concentration = 500 µM) in Tris-HCl (10 mM, pH 8.0), 50 µL of a molar solution of nickel (II) chloride hexahydrate were added. After 24 hours of dialysis against a solution of Tris-HCl (10 mM, pH 8.0), collodion bag contents was collected and used as a solution of 1 (monomer concentration = 500 µM) in Tris-HCl (10 mM, pH 8.0).
Protein binding onto Ni-NTApPE polymer (1)
Protein preparations were diluted into Tris-HCl (10 mM, pH 8.0) in order to make a 1 mM stock solution. Four different samples of proteins prepared as described below, were incubated at 4°C for 
